PIWI-interacting RNAs (piRNAs) are regarded as the guardians of the genome because they tackle genome stability-threatening transposable elements in the germline. Recently, piRNAs were also reported in other types of cells, including mouse brain, malignant and nonmalignant somatic tissues, and human plasma. This suggests that piRNA function might be broader than previously expected. Here, we show that different piRNA databases contain a subset of sequences that correspond to piRNA-sized fragments of ncRNAs (rRNAs, tRNAs, YRNAs, snRNAs, and snoRNAs) and intermediates of miRNA biogenesis. We discuss that the biogenesis of these sequences is probably independent of the PIWI pathway, and can therefore be considered contaminants in piRNA databases. Although a minority of annotated piRNAs falls in this category, they account for the vast majority of piRNA expression in somatic non-gonadal tissues. Since ncRNA fragments are ubiquitous and abundant, their confusion with piRNAs strongly impacts the estimation of piRNA expression outside of mammalian gonads.
P IWI-interacting RNAs (piRNAs) are one of the three main classes of regulatory small RNAs, together with small interfering RNAs (siRNAs) and microRNAs (miRNAs). These classes differ in their biogenesis and mode of target regulation, but share some common features such as their ability to guide Argonaute proteins to target nucleic acids in a sequencedependent manner 1 . Argonaute proteins are phylogenetically subdivided into two subclasses, comprising the orthologs of Arabidopsis AGO1 and Drosophila Piwi (defining AGO and PIWI subfamilies, respectively) 2 . While the former are involved in posttranscriptional gene silencing by siRNAs and miRNAs, the biological function of PIWI proteins was initially unclear, although they were shown early on to be essential for germ cell maintenance 3, 4 . In 2006, various groups simultaneously reported that murine PIWI proteins MIWI 5, 6 and MILI 7 bound a novel class of small (26-31 nt) RNAs in the testes, which they termed piRNAs. These piRNAs were encoded in discrete genomic clusters, many of which were present in syntenic genomic regions in humans.
In parallel, Drosophila PIWI proteins were shown to bind repeat-associated siRNAs, a germline-enriched 24-29 nt small RNA family previously known to be involved in transposon silencing 8 , in the Drosophila ovary. This led to the notion that the conserved function of piRNAs is to tackle genome stabilitythreatening transposable elements in the germline [9] [10] [11] . Mutations are particularly problematic when affecting germinal cells, and generalized demethylation of genomic DNA upon fertilization in mammals can unleash transposon expression and propagation. To avoid this, a piRNA-based innate immune system operates in the germline, comprising both genetically encoded (primary piRNAs derived from RNA pol II transcription from piRNA clusters) and adaptive (secondary piRNAs produced by pingpong amplification) resistance mechanisms 12 .
Given the involvement of the piRNA pathway in the germline, it is not surprising that piRNAs were initially cloned and sequenced in mouse testis or Drosophila ovaries. However, a role for PIWI proteins and piRNAs in somatic cells has also been documented 13 . PIWI/piRNA expression was reported in larval salivary glands 14 , in the central nervous system of mice 15 and Aplysia 16 . The role of piRNAs in tumors is also under study, since expression of PIWI-clade proteins was reported in many types of somatic cancer cells 13 . Indeed, a recent analysis of transcriptomic data from The Cancer Genome Atlas identified a variety of somatic piRNAs, which can distinguish tumors from nonmalignant tissues 17 . Recently, more than a hundred piRNAs were sequenced in normal human plasma, and some of these were detected at high levels in every sequenced individual 18 .
If piRNAs are expressed in non-germline tissues and are even transported in the bloodstream, one could wonder whether the germline model still stands as the unique environment to study piRNA biology or whether these non-germline piRNAs are true members of this gene family. Recently, sperm-derived tRNA halves from tRNA-Gly were reported to control gene expression in early embryos 19, 20 . Interestingly, the sequences of these tRNA halves are nearly identical, with only one nucleotide variation in sequence length, to annotated piRNAs (NCBI accession: DQ597916.1 and DQ570956.1).
This observation led us to study the degree of similarity between piRNAs and ncRNA fragments. To our surprise, we found that a considerable number of human sequences in distinct piRNA databases showed 100% identity to other ncRNAs, and that these ambiguous sequences accounted for the vast majority of the piRNAs described in the mouse brain 15 , somatic cancer 17 , and blood 18 . Furthermore, these sequences do not share hallmarks of PIWI-dependent selection, such as a bias toward uridine at the 5′ end. We also show that the evidence for PIWI association to these ncRNA fragments is scarce in humans. Overall, we suggest that piRNA expression in mammalian non-gonadal cells is greatly overestimated or directly artifactual, as reported nongonadal piRNAs are probably not bona fide piRNAs. 6 6 ncRNA fragments YRNAs (RNY4 and RNY1) in human plasma (SRR2496797) and human testis (ERA246774). The red and green bars represent the most and second-most abundant piRNAs found in human plasma in Freedman et al. 18 . The predicted secondary structure of RNY4 is shown, with the RNY4-derived piRNA highlighted in red. c Venn diagrams showing the 171,551 piRNAs in RNAdb 2.0, classified by either their 5′ start base or their identity to other ncRNAs. The piRNAs described in human plasma (blue) and human testis (orange) are overimposed, and enrichment scores (ES) were calculated as described in methods
Results
Overlap between piRNA databases and non-coding RNAs. RNAdb 2.0 and piRBase are two compendiums of piRNA sequences extracted from the scientific literature, and currently contain 171,551 and 32,826 human piRNAs, respectively. Analysis of these sequences showed a strong bias for uridine at the first position (1 T in our data set), in accordance with the preferential binding of PIWI proteins to transcripts starting with U (Fig. 1a) . A bias toward adenine at position 10 (a hallmark of secondary piRNAs generated by the ping-pong cycle) was also evident, albeit with a much weaker signal. To study the overlap between the piRNA sequences contained in these databases and other non-coding RNAs, we aligned each sequence against genomic or mitochondria-encoded tRNAs, rRNAs, snRNAs, snoRNAs, YRNAs, and miRNAs. With a zero mismatch allowance, we found 392 (RNAdb 2.0) and 278 (piRBase) piRNAs whose classification as either piRNAs or ncRNA fragments was ambiguous (Table 1 and Supplementary Data 1). These represent 0.23 or 0.85% of the total number of sequences included in each database, respectively. The subset of ambiguous piRNAs shows no preference for 5′ uridine or adenine at position 10 ( Fig. 1a) . Also, their size distribution is biased toward longer lengths (P = 0.008; two-tailed t-test), with 26.6% of the sequences being equal to or higher than 30 nt, in contrast to 13.8% in the whole piRNA database (RNAdb 2.0). This is consistent with the slightly longer length of tRNA halves with respect to canonical piRNAs.
Altogether, these observations question the classification of this subset as bona fide piRNAs.
An inspection of the data sources used to create these databases shows that, in contrast to flies and mice, 97% of the unique sequences contained in piRBase are derived from only one study. This study is one of the seminal reports in which piRNAs were first described 5 . In this study, three criteria were used to annotate human piRNAs: (i) cloning and sequencing in human testis, (ii) size in the 25-32 nt range, and (iii) lack of similarity to other known ncRNAs. Thus, piRNA annotation was based on sequencing of a size-selected small RNA library, without direct evidence of PIWI interaction and, as a consequence, human piRNA databases might contain PIWI pathway-independent RNAs. In other model organisms, RIP-seq and CLIP-seq data are available, but lack of highly specific antibodies for the immunoprecipitation of human PIWI proteins has prevented such studies in humans. Nevertheless, contaminating or at least ambiguous piRNAs account for less than 1% of the total number of sequences in the analyzed databases. This might be considered negligible, if it was not for the fact that this subset represents the vast majority of reported non-gonadal piRNAs in humans.
Reported somatic non-gonadal piRNAs are ncRNA fragments. One of the first reports on mammalian piRNA expression outside of the gonads described a subset of piRNAs expressed in mouse The analysis corresponds to every mouse piRNA presented in Table 1 of Lee et al. 15 . piRNA accession numbers correspond to the NCBI database. Asterisks denote four piRNAs, which were described as belonging to a large piRNA cluster in chromosome 17 in the referenced report. Our alternative annotation is shown in column 3. Underlined bases correspond to mismatches according to our annotation. Column 5 shows the number of reads corresponding to each piRNA in a Miwi RIP-seq study performed in wild-type adult testis (GEO: GSM822760)
hippocampus 15 . Importantly, co-immunoprecipitation with the murine PIWI protein MIWI was confirmed. In situ hybridization in cultured neurons showed signal from one of these piRNAs in the dendritic compartment, and its antisense suppression suggested a role in dendritic spine morphogenesis. However, we found that all the most abundant piRNAs described in this study were also fragments of YRNAs, C/D box snoRNAs, rRNAs, and even miRNAs (Table 2) . One may ask to what extent the biological effects observed upon LNA-based inhibition of the most abundant brain piRNA 15 (DQ541777; mmu-piR-1889) could be caused by inhibition of full-length RNY1, which is the actual target of such oligonucleotides. Mean abundance (RPM) and number of patients (N = 40) in which each piRNA was sequenced were extracted from Freedman et al. 18 . The analysis includes every piRNA in the cited study with an abundance ≥ 10 RPM. piRNA accession numbers correspond to the RNAdb 2.0 database. Our alternative annotation is shown in columns 4-5. Underlined bases correspond to mismatches according to our annotation A recent survey of circulating small RNAs present in human blood plasma 18 revealed a total of 144 piRNAs, many of which were abundant and detectable in every sequenced individual. We took a closer look at these piRNAs, and found that 100% with average expression ≥50 RPM and 68% with a 10 RPM cutoff were in fact ncRNA fragments (Table 3) . To better illustrate this point, we divided piRNA reads in RNAdb2.0 (which was the database used in this study) as those starting or not starting with a uridine (148,557 vs. 22,994 sequences, respectively) or those mapping or not mapped to ncRNAs (392 vs. 171,159 sequences, respectively). As a positive control, we analyzed piRNAs in normal human testis 21 . As expected, the distribution of piRNAs in testis matched the distribution of piRNAs in the database (Fig. 1b) . This is evident either by using the number of sequences (Fig. 1b, left and middle) or by considering their expression (Fig. 1b, right) . In contrast, piRNAs in human plasma were highly enriched in sequences not starting with uridine (ES: enrichment score > 5) and, more strikingly, sequences mapping to ncRNAs (ES > 150 in number of sequences, and ES > 900 when considering relative abundances).
We still considered the possibility that these ncRNA fragments could be genuine piRNAs secreted to the bloodstream. Of note, the most abundant sequences were fragments of YRNAs (none of them starting with uridine), which could also be detected when analyzing independent plasma sequencing studies (NCBI small read archive: SRR2496797). For instance, the top-ranked plasma piRNA (PIR54042 27; hsa-piR-33043) is a sequence derived from the 3′ end of RNY4 (Table 3) . Importantly, sequences mapping to the 5′ end of the same precursor were also detectable in plasma, despite the fact that no piRNAs are annotated in this region (Fig. 1c) . This profile is similar in samples from different tissues, but variations in the length and extremes of RNY4 3′ fragments are typically not consistent with PIWI-dependent processing, as they resemble a pattern of exonucleolytic processing from their 5′ end, incompatible with current models of piRNA biogenesis 22, 23 . More probably, fragments of YRNAs in these data sets reflect the most stable and sequencing-prone degradation intermediates of full-length YRNAs, which can be secreted to the extracellular space 24 . Alternatively, 5′ and 3′ fragments from RNY4 could be a result of processing by Dicer, since they correspond to a pair of complementary sequences with protruding ends and a double-stranded core of exactly 21 nucleotides (Supplementary Fig. 1 ). This reinforces the view that the biogenesis of the piRNAs under study is probably PIWI pathway-independent.
We also analyzed another recent study describing piRNAs in human cancer cells 17 . Here, the authors analyzed transcriptomic data from more than 500 normal tissues and over 5,000 tumor samples from The Cancer Genome Atlas, and discovered 273 and 522 somatic non-malignant and malignant piRNAs, respectively. However, our reanalysis showed that the most abundant piRNAs in cancer cells were either miRNA pathway by-products or ncRNA fragments ( Table 4 ). The top-ranked piRNAs corresponded to miRNAs let-7a-5p and miR-532-5p, which is not expected by chance (P = 8 × 10 −9 ) since the overlap between piRNA databases and miRBase is rather small ( Table 1 ). The rest of the sequences were mostly fragments of C/D box snoRNAs, mitochondrial tRNAs, and rRNAs. Even though we were surprised to see sequences ≥30 nucleotides corresponding to miRNAs (which are typically 22-23 nt), these showed 100% identity with the pre-miRNAs across the entire sequence length, reinforcing their missclassification as piRNAs. 
Discussion
The fact that most extragonadal piRNAs in mouse and humans belong to an ambiguous piRNA subset suggests that piRNA expression outside of the gonads is infrequent in mammals.
While not excluding the possibility of active piRNA pathways in non-gonadal tissues, detection of somatic bona fide piRNAs might be affected by a subset of highly abundant ncRNA fragments (and even miRNAs), which are reported as piRNAs. The question is whether the classification of certain ncRNA fragments as piRNAs is erroneous or not. The answer directly impacts on the likelihood of piRNA expression outside of mammalian gonads. The detection of piRNAs circulating in blood plasma 18, 25, 26 is particularly interesting, and could have an impact on liquid biopsy-based diagnosis. To answer this question, it would be necessary to stress the criteria used for piRNA definition. Accepted properties of piRNAs are their length (24-32 nt), bias toward uridine at 5′, 2′-o-methylation of their 3′ end, and clustering of their coding sequences in the genome 27 . According to their biogenesis, piRNAs can be further classified as genomeencoded primary piRNAs, ping-pong generated secondary piRNAs, and even phased tertiary piRNAs 28 . However, strictly speaking, piRNAs are the small RNAs physically bound and functionally related to PIWI proteins. Thus, a piRNA might not satisfy any of the previous characteristics, but still be a piRNA if capable of specific interaction in the 5′ binding pocket of a PIWIclade protein. Now the question is, can we affirm that for every sequence deposited in piRNA databases?
At least in humans and mouse, most piRNA databases have grown based on data from the articles which described piRNAs for the first time 29, 30 . Although some of these papers relied on RIP-seq for piRNA identification 7 , others annotated candidate piRNAs based on their sequencing abundance in testis, size in the 25-32 nt range, and lack of similarity to other known ncRNAs 5 . Furthermore, as there is still a lack of suitable antibodies for selective immunoprecipitation of human PIWI proteins 31 , human piRNAs were entirely cataloged from size-selected sequencing of gonad RNA rather than RIP-seq studies. So, the first conclusion is that direct evidence of PIWI interaction is not available for every sequence present in piRNA databases, especially in humans. Nevertheless, it is still possible that some of the ncRNA fragments present in size-selected small RNA libraries of human testis could be bound to PIWI-clade proteins. If that was the case, they should be regarded as piRNAs. But can be this extrapolated to other tissues? For instance, if a tRNA-derived fragment 32 interacts with a PIWI protein in the gonads, but is also abundant in a tissue where PIWI proteins are not expressed, would it still be a piRNA in both cases? One disadvantage of using a biogenesisindependent definition of piRNAs is that it makes piRNAs a context-dependent attribute, rather than an intrinsic property of a sequence. Thus, a tRNA fragment should be considered a piRNA if it interacts with PIWI, but the same sequence should not be considered a piRNA in other contexts, when their existence is unrelated to the PIWI pathway (Fig. 2) . But this is omitted when mapping somatic small RNA sequencing data to piRNA databases, which actually contain a compendium of small RNAs in the gonads.
The third and more complex issue is that PIWI coimmunoprecipitation should be a necessary but not sufficient condition to claim the presence of bona fide piRNAs. Although we showed that the most abundant piRNAs in mouse hippocampus were ncRNA fragments, we should recognize that the authors did evaluate the presence of these piRNAs in MIWI-IP 15 . Furthermore, tRNA fragments were co-IP with anti-flag antibodies after expressing a flagged version of the human PIWI protein Hiwi2 in a breast cancer somatic cell line 31 . However, this result should be interpreted carefully, as the authors found a very strong correlation (r = 0.91) between the tRNA fragments found in Hiwi2-IP and the whole-cell extracts. We would have expected some degree of selection for specific tRNA fragments (such as those starting with uridine, for example).
Relying on PIWI-IP for defining piRNAs can be problematic. In the first place, very specific antibodies are needed. We have found a number of miRNAs after analyzing data from MILI-IP coming from 10 days post-partum (dpp) mouse testis 12 , suggesting a possible contamination with AGO-clade bound RNAs. Secondly, there will usually be a background of RNA fragments stuck to the surface of a PIWI/piRNA complex in any immunoprecipitate, with the contaminants not being truly engaged with the PIWI protein in a biologically meaningful manner. Abundant intracellular RNAs of a similar size (e.g., ncRNA fragments) are risky. By analyzing data from mili knockout animals 12 , we have observed that the tRNA fragments that are abundant in MILI-IP do not rely on MILI for neither their biogenesis nor their intracellular stability (Supplementary Fig. 2) . Importantly, at 10-dpp MILI is the only PIWI-clade protein expressed in mouse testis 12 , discarding association of tRNA fragments with other PIWI-clade proteins. In contrast, transposable element-targeting piRNAs were decreased as expected in mili KO mice. In our opinion, this distinguishes bona fide piRNAs from frequent contaminants in the piRNA size range.
Overall, we have identified that a subset of ncRNA fragments and miRNAs contaminate most human piRNA databases, and that even though the amount of dubious piRNAs is rather low (usually below 1% of the total), this can be problematic when studying somatic piRNA expression. In these types of studies, we strongly encourage a deep analysis of the hits obtained after mapping to a piRNA database, paying particular attention to other possible hits in the genome. We have noted that most of the problematic or ambiguous piRNAs described herein are not included in the piRNA cluster database 33 . This is remarkable, as this database uses small RNA deep-sequencing data as an input, but then uses the genomic coordinates, length distribution, and positional nucleotide composition of mapped reads to define putative piRNA clusters. Thus, many problematic or ambiguous piRNAs are removed when applying more stringent criteria for piRNA definition, such as genomic context and localization. Nevertheless, it should be noted that most "somatic piRNAs" map multiple times in the genome (as a consequence of their sequence identity to tRNAs, rRNAs, and YRNAs) and can show some degree of clustering due to the genomic arrangement of the genes encoding these ncRNAs, or because they map the same ncRNA gene at different positions. An example is the four mouse piRNAs reported to cluster in chromosome 17 15 (Table 2) . Here, the putative cluster is a consequence of the sequences aligning to the same gene (18S rDNA).
It would also be worthwhile to extend these considerations to the miRNA field, although bona fide miRNAs are easier to distinguish based on characteristic sequence patterns, which should correspond to reasonable hairpin precursors. Furthermore, miRBase routinely checks and filters submissions for fragments of rRNAs and tRNAs 34 . Consequently, the overlap between miRBase and ncRNAs was much narrower than in the case of piRNA databases. In a more general view, we would like to argue that solely mapping sequencing data to a given reference (e.g., a piRNA database) should not be considered sufficient proof to claim the expression of a given RNA family, especially when the classification of mapped sequences is ambiguous. In the miRNA field, curated databases with more stringent inclusion criteria (e.g., MirGeneDB) have served to overcome problems arising from the many false positives present in primary repositories 35 . Analogously, the curation of piRNA databases will enable the study of hypothetical piRNA expression outside of mammalian gonads without the interference of piRNA-sized ncRNA fragments.
Methods
Bioinformatic analysis. To study the overlap between piRNA databases and ncRNAs, Fasta files containing the complete list of human piRNAs were downloaded from either RNAdb 2.0 29 or piRBase 36 , and mapped to ad hoc references containing human genomic and mitochondrial rRNAs (downloaded from NCBI), tRNAs (downloaded from the Genomic tRNA Database, GtRNAdb, and the mitochondria tRNA database, mitotRNAdb), small nuclear RNAs, small nucleolar RNAs, YRNAs (all downloaded from NCBI), and miRNAs (downloaded from miRBase). Mapping was performed with the Lastz program contained in the Galaxy Project package, using a seed hit of 19 bp, and returning alignments that covered at least 94 % of the length of each sequence, and showed at least 94 % sequence identity (i.e., a maximum of one mismatch for sequences less than 31 nt). Data from studies reporting piRNAs in human blood 18 and human testes 21 were directly extracted from their supplementary Materials section, and the sequences were compared to a reference file containing all piRNAs annotated in RNAdb 2.0 for which we could find 100% identity to ncRNAs. In the case of human piRNAs present in the Cancer Genome Atlas 17 , we computed the number of normalized reads for each putative piRNA across cancer samples, and analyzed the 20 most frequently detected piRNAs in cancer. For piRNAs present in mouse hippocampus 15 , we performed Blast alignments against the NCBI collection of nonredundant nucleotide sequences of mice, and looked for ncRNAs with 100% identity to the putative brain piRNAs.
To analyze the distribution of sequencing reads mapping to human YRNAs in testes and plasma, we extracted Fastq files from the NCBI small Read Archive (SRR2496797) or the European Nucleotide Archive (ERA246774), clipped adaptors, mapped the clipped reads to the human genome (hg19) using Bowtie2, and created a BigWig file from the output, using a bin size of 1, and used the UCSC Genome Browser for visualization. To address the enrichment of putative blood piRNAs in sequences not starting with uridine or matching ncRNAs, we defined a parameter called the Enrichment Score (ES). For the calculation, we divided human piRNAs present in RNAdb 2.0 (reference) in two mutually exclusive categories (e.g., starting [A] or not starting [B] with uridine; identical [A] or not identical [B] to other non-coding RNAs). We then took the 144 piRNAs described in blood plasma 18 (query), and performed the same categorization. The ES was calculated as the quotient between the number of sequences in the query in categories B and A, divided by the quotient of the number of sequences in the reference in categories B and A. Thus, an ES higher than 1 shows that there is a higher number of sequences in category B in the query than what expected from the distribution in the reference. Alternatively, the sum of the sequencing reads in each category was used, instead of the total number of sequences.
Data availability. All relevant data not present within the manuscript or supplementary files are available from the authors upon request.
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